We present a self-consistent numerical method for calculati ng the conduction-band profile and subband structure of AlGaN/GaN single heterojunctions. The subband calculations take into account the piezoelectric and spontaneous polarization effect and the Hartree and exchange-correlation interaction. We calculate the dependence of electron sheet concentration and subband energies on various structural parameters , such as the width and Al mole fraction of AlGaN, the density of donor impurities in AlGaN, and the density of acceptor impurities in GaN, as well as the electron temperature. The electron sheet concentration was sensitively dependent on the Al mole fraction and width of the AlGaN layer and the doping density of donor impurities in the AlGaN. The calculated results of electron sheet concentration as a function of the Al mole fraction are in excellent agreement with some experimental data available in the literature.
I. INTRODUCTION
Recent advances in the growth technology of III-nitride semiconductors have led to the development of AlGaN/GaN electrical devices for applications of high power and high frequency amplifiers for mobile and satellite communications and for other applications , such as actuators and sensors operated in harsh environments. Since GaN has a large bandgap of 3.4 eV [1] , a high electron saturation velocity of about 3 × 10 7 cm/s [2] , a high breakdown field of about 2 × 10 6 V/cm [3] , and a small dielectric coefficient of 10 [4] , AlGaN/GaN heterostructure field-effect transistors (HFETs) have shown a better performance in high power and high temperature operations than other conventional devices based on Si, GaAs, and InP. AlGaN/GaN HFETs fabricated on SiC substrates revealed output-power density of 9.1 W/mm at 8.2 GHz [5] , while AlGaN/GaN HFETs fabricated on sapphire substrates showed output-power density of 8 W/mm at 9.5 GHz [6] . A typical HFET based on the Ga-faced AlGaN/GaN single heterojunction, even without intentional doping, has an ability to achieve a high electron sheet concentration of about 1 × 10 13 electrons/cm 2 [7] . Accumulation of a high density twodimensional electron gas (2DEG) is due to the formation of a deep spike-shaped quantum well at the heterojunction, where there is a large conduction -band offset as well as a large discontinuity in the piezoelectric and spontaneous polarization [8] . For a successful design of advanced electronic devices based on AlGaN/GaN single heterojunctions, it is necessary to analyze the polarization effect and to characterize the dependence of subband structures using available material parameters. Many theoretical treatments of semiconductor heterostructures have been based on effective -mass Hamiltonians in the envelope-function approximation [9] - [15] .
Previous studies [13] - [15] on subband calculations of AlGaN/GaN single heterojunctions have taken into account the piezoelectric and spontaneous polarization and the Hartree interaction of 2DEG. However, the exchange-correlation interaction, which represents the many-body effect, was not considered in earlier models for AlGaN/GaN single heterojunctions. Since the exchange-correlation interaction yields a considerable effect on the potential profile and subband energies of semiconductor heterostructure systems and leads to a large bandgap renormalization [11] , it is necessary to take into account the many-body interaction for an accurate subband calculation of the AlGaN/GaN heterojunction with a high electron sheet concentration of about 1 × 10 13 electrons/cm 2 . In the present paper, we report self-consistent numerical calculations for the subband structure of a Ga-face AlGaN/GaN single heterojunction. In the calculations we take into account the piezoelectric and spontaneous polarization and the many-body interaction including the Hartree and exchangecorrelation potential energies. A basic formalism of the piezoelectric and spontaneous polarization in AlGaN/GaN heterojunctions is discussed in section II. A numerical method based on the effective mass approximation is described for subband calculations of AlGaN/GaN heterojunctions in section III. We discuss the influence of electron temperature and several structural parameters on the density and energies of 2DEG in the potential well at the heterojunction. Finally, a brief summary is given in section IV.
II. PIEZOELECTRIC AND SPONTANEOUS POLARIZATION
When a dielectric material is grown pseudomorphically on a substrate that has a different lattice constant, the grown layer will be strained and subjected to the piezoelectric polarization,
where (i=1,2,3; j=1,..,6) are the piezoelectric constants and (j=1,..,6) are the components of the strain field. For the case of AlGaN grown on a wurtzite GaN cladding layer, the AlGaN is under a biaxial tension, whose strain field is given as
where the strain-field components are given by Here, , and , are the lattice constants of the strained and the free-standing AlGaN crystals, respectively, and are the elastic stiffness constants. Since the piezoelectric tensor of wurtzite crystals has the following form [16] On the other hand, there is spontaneous polarization [8] 
,GaN s GaN P P =
In a finite system, the existence of polarization implies the presence of an electric field. The electric field due to polarization is given as
where A denotes AlGaN and GaN, and
Using the values of the material parameters of wurtzite AlGaN listed in Table 1 , we calculate the piezoelectric and spontaneous polarization in the fully strained Al x Ga 1-x N grown on the unstrained Ga-face GaN and the electric field strength that is due to the polarization as a function of the Al mole fraction. The calculated results in Fig. 1 show that both the piezoelectric polarization and the spontaneous polarization have negative values, indicating an accumulative effect in the total polarization. For the Ga-face AlGaN/GaN heterojunction, the electric field in AlGaN due to the polarization is directed along the (0001)-axis towards the GaN while the electric field 
III. SUBBAND STRUCTURE
In the effective mass approximation, the electronic subband states in the growth direction of a single heterojunction are solutions to the Schrödinger equation,
where and are the electron effective mass at the conduction-band edge, the potential energy, and the energy of the i-th subband, respectively. Ignoring the conduction-band non-parabolicity, we assume that is independent of electron energy and has an isotropic value changing abruptly at the interface between the AlGaN and GaN. The electron effective mass for the AlGaN is listed in Table 1 
where represents the conduction-band edge potential in a form of the step-function associated with the conductionband offset at the AlGaN/GaN heterojunction, is the Hartree potential of the electrostatic interaction due to mobile and immobile charges distributed in the system, and is the exchange-correlation potential representing the many-body interaction not included in the .
is the solution to the Poisson equation,
where κ is the dielectric constant which is assumed to be changed abruptly at the AlGaN/GaN heterojunction. The density of total charges ) (z ρ is given as
where ), (z σ and denote the density of immobile polarization charges, the density of free holes induced in the p-channels, the density of ionized donors, the density of free electrons in n-channels, and the density of ionized acceptors, respectively. For a system without a metal gate on the AlGaN barrier, a p-channel may be induced beneath the upper boundary of the AlGaN when the Fermi energy at the surface region lies in the valence band of the AlGaN, while for a system with a metal gate on the AlGaN, a p-channel may be induced in the metal when a bias voltage is applied between the gate and the electron channel. From the neutrality condition, the following conditions must be satisfied:
for the sum of total charges and (18) for the sum of mobile charges.
Considering AlGaN/GaN heterojunctions with one electron-gas channel formed at the heterojunction, is given as
where , the sheet density of electrons in the i-th subband, is given as
Here, and B k T are the Boltzmann constant and the electron temperature, respectively. The Fermi energy is determined from the condition that the sum of subband electron densities is equal to the total electron density :
e N can be determined in a self-consistent manner using two boundary conditions for Fermi-level pinning at the upper and the lower boundaries of the system, as will be described below.
The density of positively ionized donors in (18) can be written as
where is the concentration of donor impurities distributed in the system, and is the probability that a donor state with a degeneracy factor of 2 at energy is ionized by losing an electron [22] ,
In AlGaN, it has been identified that N vacancy [23] , Si, and O impurities [24] play the role of donors. In this report, however, we assume that has a unique value of 0.2 eV below the conduction band of Al 
where is the concentration of acceptor impurities distributed in the system, and
is the probability that an acceptor state with a degeneracy factor of 4 at energy is occupied by an electron [22] . In an AlGaN/GaN single heterojunction, the ionization or neutralization of acceptor states in the GaN buffer gives a significant effect on the potential profile in the buffer region, while acceptor states in the AlGaN layer cannat be easily neutralized at the thermodynamic equilibrium. There are several p-type dopants for GaN. For instance, Li, Be, Cd, Hg, Zn, and Mg are impurities playing the role of acceptor when they occupy Ga sites, whereas C and Si play the same role when they occupy N sites [1] , [26] . In this report, however, we assume that acceptor impurities are distributed in the GaN and that has a unique value of 3 eV below the conduction band of the material.
can be formulated using a density functional theory. In the simplest approximation, the so-called local density approximation (LDA) V can be parameterized in an analytic form [27] 
where and is the radius of a sphere containing one electron 27) in the unit of the effective Bohr radius, and the effective Rydberg energy is given by 
xc V gives a significant effect on the electronic subband states and the bandgap with an increase of electron density [11] .
The Schrödinger equation in (13) respectively, while the third subband is unoccupied. Since , all the electrons are released from the surface states where the Fermi level is pinned. The exchangecorrelation potential in (26) has a spike-like shape, and its minimun value is calculated to be -49.6 meV at 1 nm from the junction in the GaN layer. The nonlinear potential profile of the AlGaN in the junction region as shown in Fig. 3 is in fact due to the exchange-correlation interaction. When the exchangecorrelation interaction was not taken into account, the calculated electron sheet concentration was decreased by about 1 percent, while about 5 percent of the electrons in the ground subband were redistributed into the second subband, resulting in new electron densities of 0.8023 × 10 Figure 4 displays the dependence of electron sheet concentration on barrier width for two different Al mole fractions of 0.2 and 0.3, while other structural parameters are chosen to be the same as those of Fig. 3 . As the barrier width is increased, the electron sheet concentration increases and approaches the density of the polarization charges at the heterojunction, which is 1.0137 × 10 13 electrons/cm 2 for or 1.5805 × 10 2 . 0 = x 13 electrons/cm 2 for . On the other hand, as the barrier width is reduced, the electron sheet concentration decreases more rapidly, and eventually the density of the free electrons occupying the quasi twodimensional (2D) channel at the AlGaN/GaN heterojunction becomes zero when the barrier width is less than a critical thickness which is determined by the Al mole fraction of the AlGaN. These results may be due to the fact that the energy of Fermi-level pinning at the top layer of the AlGaN should be independent of the width of the AlGaN. Consequently the potential energy difference due to the change of barrier width must be cancelled by a change of electron sheet concentration. The dependence of electron sheet concentration on the width of GaN behaves in a way similar to the barrier-width dependence, i.e., it increases with the width of the GaN. The effect of the change of the GaN width on the electron sheet concentration is made by a change of the potential profile in the region of the electron channel. As the width of the GaN is increased, the electric field in the GaN decreases, resulting in decreases of both the subband energies and the Fermi energy. Therefore, in order to satisfy the boundary condition for Fermilevel pinning at the upper and lower boundary of the system, the electron density in the 2D channel needs to be increased as the width of the GaN is increased. However, for a typical Al 0.3 Ga 0.7 N/GaN single heterojunction with a 30 nm-wide AlGaN barrier, the electron sheet concentration is nearly saturated when the GaN is thicker than 100 nm.
A change in the Al mole fraction significantly influences the electron sheet concentration. various Al mole fractions in the range of x ≤ 0.27. However, it should be noted that those experimental data were obtained from unintentionally doped samples. On the other hand, the critical barrier width for maintaining the elastic strain in AlGaN grown on GaN decreases when the Al mole fraction is increased. Once the width of the AlGaN exceeds the critical thickness, the strain in the layer may be decreased. However, we assumed that AlGaN on a GaN buffer is elastically strained in the full range of our calculations; this may cause potential deviations of the calculated results from the experimental data for high Al mole fractions, x > 0.3. In order to increase the electron sheet concentration in AlGaN/GaN single heterojunctions, the AlGaN can be doped intentionally with donor impurities. In Fig. 6 , we plotted our calculated results for the dependence of the density of a 2DEG on doping density in AlGaN for two different Al mole fractions of and 0.3. We observe that electron sheet concentration increases when the doping density is increased. Our calculations also revealed that with an intentional doping with donor impurities in AlGaN, electron sheet concentration can be larger than the polarization charge density at the heterojunction. However, the contribution of additional donor impurities on the electron sheet concentration at the AlGaN/GaN heterojunction becomes less effective as the width of the AlGaN and the density of the donors in the AlGaN are increased. We also find that a heavy-doping of donor impurities in AlGaN reduces the effective width of the barrier and results in an increasing leakage current between the Schottky gate and the 2D channel of an electrical device.
On the other hand, the acceptor impurities in the GaN has a negligible effect on the density of 2DEG at the heterojunction. . However, the change of in the GaN makes a significant effect on subband energies. As is increased, the confinement effect of the spike-like potential well is enhanced especially for upper subbands other than the ground subband, resulting in a substantial increase in the energies of the upper subbands. In particular, with the present model system, we find that two subbands are occupied by 2DEGs when < 5 × 10 . There are insignificant changes in subband energies and electron sheet concentration when the Fermi level is lower than the energy of the second subband. , only the ground state is occupied.
As the electron temperature is increased, a number of subbands which are not occupied by a 2DEG at zero temperature can be occupied by free electrons because of the Fermi-Dirac statistics. This alters the potential well in such a way that the energies of the upper subbands increase while the Fermi level decreases (Fig. 8) .
In the calculations, we used a model AlGaN/GaN single heterojunction with a GaN width of 1.5 µm, a barrier width of 30 nm, an Al mole fraction of 0.2, and . The electron sheet concentration was rather insensitive to the change of the electron temperature. For instance, the electron sheet concentration in the system increases from 0.849 × 10 electrons/cm 2 to 0.850 × 10 13 electrons/cm 2 as the electron temperature is increased from 0 K to 350 K. It should be noted that in a number of experiments a considerable increase of carrier densities has been observed from AlGaN/GaN single heterojunctions when the temperature was increased [29] . These experimental results are not consistent with our theoretical results. However, those experimental results could be due to the formation of bulk channels in addition to the 2DEG channel at elevated temperatures, which are not considered in our model.
IV. CONCLUSION
In summary, the conduction-band profile and subband structure of AlGaN/GaN single heterojunctions are calculated by a self-consistent numerical method. Piezoelectric and spontaneous polarization, as well as the many-body interaction, significantly affect the subband structure of AlGaN/GaN single heterojunctions. Electron sheet concentration at the AlGaN/GaN heterojunction is sensitively dependent on the Al mole fraction and the width of AlGaN and the doping density in the AlGaN barrier, while it is rather insensitive to the accepter concentration in the GaN layer and to the electron temperature. However, the acceptor concentration in the GaN and the electron temperature significantly affect the high energy subbands. The theoretical results of electron sheet concentration as a function of the Al mole fraction were in excellent agreement with some available experimental data available in the range of x ≤ 0.27. (1988-1996 and 2000-2001) and with Optel Research Institute for one year (1999) (2000) . His research interests include fabrication of AlGaN/GaN HEMTs, fabrication of III-V nitrides laser diodes (LDs) and light-emitting diodes (LEDs), analysis of III-nitrides using atomic force microscopy, double crystal x-ray diffraction, transmission electron microscopy, and optical spectroscopy. He is a member of the Japan Society of Applied Physics. Gil-Ho Kim Photograph and biography not available at the time of publication.
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